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DAM BREACHING UNCERTAINTY AND ITS EFFECT IN DOWNSTREAM AREAS  
 
 
Migena Zagonjolli1  and Arthur E. Mynett2 
 
ABSTRACT 
 
A flood forecasting methodology is presented for a hypothetical dam failure event and possible 
solutions are proposed that could lead to reduction of flood consequences. During recent years, many 
methods have been developed with the purpose of achieving a better representation of the processes 
involved in breaching of a dam. However, no single method, to the best of our knowledge, can be 
considered to fully represent and predict the breach characteristics with high accuracy. In this study, we 
estimate the breach characteristics using two separate breach models and compare the resulting peak 
outflows with the range of peak outflows obtained using the empirical formulations. Despite only 10% 
difference in the peak outflow values obtained from two breach models, significant discrepancy is 
observed in timing and shape of the hydrograph. The peak outflow obtained using Hagen’s empirical 
formula is almost the same as predicted using physically based models. Though the empirical 
formulations might be useful for ‘rough/fast’ prediction of the peak outflow values, it is not applicable 
for dam break flood forecasting task, where the knowledge about breach development in time is 
important. The resulting hydrographs, constituting the upstream boundary condition for the Sobek 
1D2D hydrodynamic model led to two different flood progression scenarios at the areas downstream the 
dam. The difference in timing of the breach outflow hydrographs is preserved during the propagation of 
the flood wave up to 30km from the dam.  
 
 
1 INTRODUCTION 
 
Dams, despite their considerable benefits, pose a real threat to the population located downstream in 
case of an eventual failure. Thus, early warning is very important and necessary for saving lives during 
a dam failure event. The failure of the Laurel Run Dam in Pennsylvania (12.8 m high, containing about 
400 thousands cubic meter of water in the reservoir at the failure time) occurred at 4:00a.m. and 
claimed the lives of 40 people (1 out of every 4 people potentially exposed to floodwaters). Teton dam 
(93m high, about 350 million cubic meter of water in the reservoir at the failure time) failed at midday 
and claimed the lives of 14 people (1 out of 3000 people potentially exposed to floodwaters, Costa ( 
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1985)). Despite the smaller reservoir capacity, higher numbers of casualties were experienced in the 
first event due to the absence of warning. This underlines the fact that the analysis of potential failure 
events for any existing dam (especially for large dams) is a necessary and required condition for 
planning and organizing the emergency procedures in order to anticipate and mitigate downstream 
damages in case of disaster.  
During the last decades, many methods have been developed to predict the outflow generated 
during a dam failure event. They are continuously improved and validated using the historical data, 
and/or the data taken from laboratory and/or field experiments.  The small number of real dam failure 
events and even smaller number of available breach characteristics data (measurements) leads to the 
lack of a good understanding of dam breaching processes. 
In this paper we model the hypothetical breaching of an earthfill dam using different 
methodologies in order to get the range of peak outflows. The commonly used BREACH model (Fread, 
1988), a simplified Dam Breach Model (Zagonjolli et al., 2005), as well as a number of empirical 
formulations developed during the last decades are used for predicting the peak outflow. The outflow 
hydrographs obtained by both breach models constitute the upstream boundary condition of the flood 
routing modelling package Sobek 1D2D. The difference in time between the two hydrographs is 
reflected in the flood propagation scenarios generated by the hydrodynamic model. In this way, we 
simulate flood arrival at the populated areas for the fastest and slowest flood wave resp., taking into 
account the influence of the roughness in the areas subject to flooding.  
 
 
2 DAM BREAK FLOOD FORECASTING ANALYSIS 
 
Important tasks in dam break flood forecasting are (i) accurate prediction of the breach characteristics 
and (ii) routing the outflow hydrograph through the downstream valley. While available hydrodynamic 
modelling packages are capable of providing reasonable accuracy of predictions, the quest for even 
more precise methods allowing modelling of dam breaching events in greater detail is continuously 
ongoing. Empirical relations, usually developed based on historical dam failure events, are used more as 
a guideline in dam breach analysis rather than as a basis for flood forecasting purposes. Peak outflow 
and breach characteristics are generally estimated based on the available information of dam height, 
reservoir storage, depth and volume of water above the breach triggering the failure.  
Owing to the incomplete understanding of the breach formation processes, (semi) physical 
methods are based on many assumptions that in turn affect their accuracy. During the Impact project, a 
European project investigating extreme flood processes and uncertainty, it was concluded that further 
work is needed to increase the capabilities of existing dam breach models that currently provide a wide 
range of results (Morris, 2005). The present authors recently proposed using data driven models to 
predict peak outflow and some breach characteristics using state of the art statistical and data mining 
techniques (Zagonjolli and Mynett, 2005). In the next sections we describe the different features of the 
models used during this research. 
 
 
2.1 Dam Breach Model (DBM) 
 
The Dam Breach Model (DBM) developed by the authors (Zagonjolli et al., 2005) is a simplified 
modelling tool for predicting the outflow of a dam breach due to the overtopping (due to high inflows 
into the reservoir, malfunction of spillway or outlet problems). A reservoir routing principle is applied; 
the difference between the inflow into the reservoir (Qin) and the flow through the breach (Qb) and over 
the crest (Qc) equals the change of reservoir volume in time (dW/dt). In the literature different 
assumptions are made related to the breach development (progressive and final breach shape), based on 
the historical data or the laboratory/field surveys. Either a constant breach shape is assumed during the 
whole breach development, or a breach shape changes in time. In our model we assume an initial breach 
development of a triangular shape until the apex of the dam foundation is reached, then continuing in a 
trapezoidal shape. For computation of the flow through the breach, a critical flow condition is assumed 
(Macchione & Rino, 1989). Breach progression in time is expressed by the following formulae:   
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where g = gravitational acceleration; hc = critical depth in the breach channel; β = angle between the 
breach side and the horizontal; Z = breach bottom elevation; k2 = erodibility coefficient; k = Strickler 
coefficient; H = water level in reservoir; and hd  = dam height. For the continuation of the breach 
development in trapezoidal shape (Z<0), its characteristics are expressed as follows: 
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The water level in the reservoir is calculated based on the storage-stage relationship at every time step.  
 
 
2.2 BREACH model 
 
The National Weather Service BREACH model developed by Fread in 1984 and later revised in 1988 
(Fread, 1988), is capable of simulating overtopping and piping failure modes for cohesive and non-
cohesive dams. The dam may consist of two materials with different properties in the inner core and 
outer zone of the dam or otherwise be homogeneous. Flow through the breach channel is calculated by 
the broad-crested weir relationship and the orifice flow relationship (for piping). Erosion initially occurs 
along the downstream face of the dam where, if no grass cover exists, a small rectangular-shaped rivulet 
is assumed to exist along the face. The equations used for overtopping failure are: 
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or, 
 
( ) ( ) 5.25.10b ZHtan2ZHB3Q −β+−=  (8) 
 
where, Bo = the width of the initially rectangular-shaped channel. Erosion is assumed to occur equally 
along the bottom and sides of the breach channel except when the breach sides collapse. The sides of 
the breach channel collapse when the depth of the breach reaches a critical value and then the breach is 
transformed to a trapezoidal shape channel. Maximum values of breach dimensions are defined by the 
user (dam height, maximum top and bottom breach width limited from the valley cross section). The 
change of breach bottom level in time is given by: 
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where Qs = sediment transport rate calculated by the Meyer-Peter-Muller sediment transport relation as 
modified by Smart (1984) for steep channels; P = perimeter of the breach channel; L = the length of the 
breach channel and η = the porosity of the material. 
 
2.3 Empirical Relationships 
 
Many empirical formulations have already been developed for predicting dam breach characteristics 
and peak outflows based on hydraulic and geometrical properties of dams and reservoirs. Wahl (2004) 
carried out an uncertainty analysis of the empirical equations using a compiled database of 108 dam 
failure events. Hagen (1982) analysed 18 historical events of dam failure from overtopping. The product 
of volume (Vw) and depth (hw) of water in the reservoir triggering the failure, was plotted versus peak 
discharge (Qp). As a result, Hagen provided an envelope equation that ‘has little likelihood of being 
exceeded’ expressed as follows: 
 
 ( ) 48.0wwp hV205.1Q =  (10) 
 
The product Vw*hw of the 18 cases considered by Hagen is in the range of 2.9E+06 to 4.9E+10 m4. 
MacDonald & Langridge-Monopolis (1984) analysed 42 dams: 30 earthfill and 12 non-earthfill 
dams (rockfill and other dams with protective concrete surface layers or core walls). The height of the 
dams varied from 6 to 93m. The product of water volume (Vout) outflow from the reservoir with the 
estimated difference (hw-b) between the reservoir pool and the ultimate breach bottom elevation was 
plotted versus the peak outflow for 18 earthfill dams and the following envelope and regression 
equations were obtained: 
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Costa (1985) analysed 31 historical dam failure events. The height of the dams considered in the 
analysis varied from 1.8 to 83.8 m, while the volume of the reservoir at the initial failure ranged from 
3.8E+03 to 7.0E+08 m3. No distinction was made between different failure modes and dam types. The 
envelope curves encompassing 29 data points are of the form: 
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while, the regression relations are proposed as follows: 
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Froehlich (1995) analysed 22 embankment dam failures with hw ranging from 3.4 m to 77.4 m and 
Vw ranging from 0.1 to 310 million m3. The obtained regression equation is expressed as follows: 
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Broich (1998) analysed 39 embankment dam failures and obtained two regression equations 
relating peak outflow to the depth and volume of water in the reservoir (Vw in hm3) at the initial failure 
time as follows: 
 
 ( ) 449.0wwp hV859.255Q =  (18) 
 
 ( ) 256.04wwp hV611.72Q =  (19) 
 
Unfortunately no information was given about the data used in the analysis. 
 
 
3 FLOOD ROUTING  
 
Sobek 1D2D is an integrated one- and two-dimensional hydrodynamic modelling package developed at 
WL | Delft Hydraulics, the Netherlands. It solves the shallow water equations using the so-called “Delft 
Scheme” (Dhondia and Stelling, 2002). The 1D schematization for flow through a river channel is 
combined with a 2D schematization for overland flow, bringing the model behavior closer to the real 
physical behavior. A control volume approach is used for the 1D calculation points of the channel in 
combination with the 2D grid cells. The flow in the 1D channel below the 2D grid bed level is treated as 
1D flow, while the flow above the 2D grid level is treated as 2D flow within the area of the 2D grid cell. 
Sobek 1D2D is capable of simulating the dynamics of overland flow over an initially dry land, as 
well as flooding and drying processes on every kind of geometry (Dhondia and Stelling, 2002). It can 
correctly simulate the transition between sub- and super critical flows and vice versa (Verwey, 2005).  
Stelling and Duinmejer (2003) give a description of the grid scheme used in the two dimensional 
overland flow model of Sobek 1D2D, and present a comparison between numerical and experimental 
results of the dam break flood propagation experiments under dry and wet conditions. A GIS based tool 
is associated with Sobek 1D2D for data input and output.  
 
 
4 APPLICATION 
 
4.1 Data 
 
The dam considered here is a homogeneous earthfill dam, 81 m high. It accumulates 80 million m3 of 
water where 50 million m3 is used for water supply and 30 million m3 is used for irrigation. The dam 
characteristics used in both models (BREACH and DBM) are given in Table 1.  
 
Table 1. Dam characteristics 
 
Geometry 
Embankment width at crest 8 m 
Upstream slope 1: 1.6 [H:V] 
Downstream slope 1: 1.6 [H:V] 
Embankment length 135 m at top, 40 m at bottom 
Volume of reservoir triggering failure 95.3 million m3 
Water depth above the dam crest at failure time 0.2 m 
Soil mechanic parameters 
Grain size D50 80 mm 
Porosity  0.45 
Unit weight 21.2 KN/m3 
Friction angle 35° 
Uniform factor d90/d30 8 
 
 
Due to lack of data, we could not estimate an overall failure probability of the dam for different failure 
modes. It can be expected that the magnitude of the flood conditions will be higher for overtopping 
failure mode, caused by spillway (outlet) malfunction or their not sufficient capacity. We assume the 
inflow in the reservoir at the failure time to be 735m3/s. Both initial breach depth along the downstream 
face of the dam for the BREACH model and the initial breach depth for the DBM model are assumed at 
0.3m. The reservoir storage is described by specifying surface area - water elevation relationship in the 
BREACH model, while in DBM model the relationship between reservoir storage and elevation is used. 
In Figure 1, we show the relationship between surface area and water elevation as extracted from digital 
elevation data using ArcGis. 
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Figure 1 a) Surface area-water elevation relationship for the reservoir; b) Surface boundary for different 
elevations starting from inner boundary at respectively: 240m, 250m, 270m, 280m, 300m, 321m 
elevation. 
 
For modelling flood propagation downstream the dam we used the digital elevation data (Figure 2a). A 
grid of 19x17km with 30x30 m grid cell size was created for the area downstream. Using Sobek 1D2D 
it is possible to apply constant or variable roughness coefficients for the channel reaches and floodplain 
areas. Here we applied a constant Manning roughness coefficient to the entire overland area. Different 
Manning coefficients were selected in the range of 0.1-0.25, to get an indication of the flood wave 
progression characteristics. 
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Figure 2 a) Digital Elevation grid; b) Populated areas downstream the dam for year 2001. 
 
The 1D model was created for a 32 km reach downstream of the dam with an average bed slope of 0.01. 
Since no data about river cross sections were available, several assumptions were made based on GIS 
data. The Manning coefficient for the river channel was deduced from Chow (1959) tables, taking into 
account irregularity, variation in size and shape of the cross sections, presence of obstructions e.g. dam 
material flushing away of the dam and the meandering degree.    
Two outflow hydrographs obtained from the breaching models constitute the upstream boundary 
condition of flood routing model. Since the purpose of this analysis was the identification of flooded 
areas in case of a hypothetical failure of the dam, rather than the identification of flood duration period, 
the simulation time has been limited to the time the flood wave reaches the downstream boundary. 
 
4.2 Breach Modelling Results and Discussion 
 
We make a comparison between the results of a simplified Dam Breach Model, developed by the 
authors (Zagonjolli et al., 2005), BREACH model (Fread, 1988), and empirical equations.  In Figure 3, 
it can clearly be seen that though the peak outflows differ in range of only 10%, the timing, which is a 
very important factor for proper warning of the population downstream from the dam, is significantly 
different. While in the BREACH model the peak outflow occurs at about 39 minutes from the 
beginning of initial breach, the peak outflow at DBM model occurs at about 1hr later. A sharper rising 
limb is produced by the BREACH model compared to more gradual development of the breach in DBM 
model.  
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Figure 3. Breach outflow hydrograph for BREACH and DBM model  
 
The breach cross section can be a reason for this discrepancy; the BREACH model develops a 
rectangular breach shape from the beginning till the moment when the sides of the breach channel 
collapse, creating a trapezoidal shape. Instead, the DBM model develops a triangular shape till the 
bottom of the dam is reached and then develops into a trapezoidal breach shape. This leads to slower 
development of the breach in the second model. However, the duration of the rising limb produced by 
the BREACH model is only 6 minutes, and that might not be realistic. The DBM model develops 
slower for the considered erodibility factor and faster for larger ones (Zagonjolli et al, 2005). The 
results obtained from both breach models represent two different scenarios, one being less catastrophic 
to the downstream area due to slower development despite 10% higher of peak outflow, and the 
BREACH model predicting a disastrous situation with faster development of breaching. In both models 
we did not take into account the cover layer at the upstream slope of the dam, which might influence the 
results. And in both models the dam continues to breach till the bottom; this in reality might not always 
happen.  
Peak outflows obtained by the BREACH and DBM models are 63570m3/s and 68740m3/s 
respectively. From the results in Table 2, it can clearly be seen that only Hagen’s formulae produces 
almost the same peak outflow as  predicted using dam breach models. The upper curve of the envelope 
equations proposed by Costa is respectively 17% and 9% lower than the peak outflow produced by the 
DBM and BREACH models. These results were expected since Hagen’s formulae is the only formula 
derived from historical data of earthfill dams failing due to overtopping, with a range of characteristics 
that covers the characteristics of our dam.  The dam considered in this study, is higher than all the 22 
dams that Froehlich used for deducing his equation. Moreover, other empirical formulae were extracted 
from data sets where no distinction was made between dam material or failure type.  
 
Table 2. Peak outflow estimation based on dam height and reservoir storage * 
 
Reference Equation Peak outflow 
Hagen, 1982  ( ) 48.0wwp hV205.1Q =  (Envelope Eq.) 67230 
41.0
woutp )hV(85.3Q =  (Envelope Eq.) 43630 MacDonald & Langridge-
Monopolis (1984) 41.0
woutp )hV(15.1Q =  13030 
87.1
dp h5.10Q =  38910 
42.0
dwp )hV(981.0Q ⋅=  13950 
57.0
wp V12.1Q =  (Envelope Eq.) 39560 
Costa, 1985  
  
44.0
dwp )hV(63.2Q ⋅=  (Envelope Eq.) 58950 
Froehlich (1995) 
24.1
w
295.0
wp hV607.0Q =  31980 
( ) 449.0wwp hV859.255Q =  14260 Broich (1998) ( ) 256.04wwp hV611.72Q =  21040 
 
* Results for the peak outflow estimation using the empirical formulae are rounded to the nearest tenth. 
 
Our analysis was undertaken primarily for validation purposes of the breach model results with the 
empirical equations. Though some empirical formulations can be successfully used in predicting the 
peak outflow values, they are clearly not applicable for dam break flood forecasting, where knowledge 
about breach development in time is important. 
 
4.3 Flood Routing Results and Discussion 
 
 
We used GIS based presentation of the results from Sobek 1D2D for analysis of inundated areas and 
different aspects of the flood propagation, as well as its potential destructive power calculated in terms 
of possible human life losses (casualties) and structural damages. We carried out simulations for 
different Manning coefficients on the floodplain and river channel. As expected, the increase in 
floodplain roughness coefficient decreases flood progression speed, therefore delaying the time for 
particular area to be flooded. Nevertheless, an increase in water depth was observed at the high 
elevation locations while, there is no notable change in water depth at the flat laying areas. In Figure 4, 
we present the water depth at different locations in the valley downstream from the dam. Location 35 
corresponds to a high elevation area.  
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Figure 4 Sensitivity analysis of roughness coefficient at different locations downstream the dam for a) 
DBM outflow hydrograph and b) BREACH outflow hydrograph 
 
 
The simulations results show high velocities along the first ten kilometres from the dam, where the 
terrain is very mountainous. However, no significant differences were observed in the magnitude of the 
velocities at the flooded area for both hydrographs, only timing effect. As the flood wave propagates in 
low lying flat and wide areas, the water depths become high, while velocities (though lower than at the 
first km from the dam) are still significant.  
 
 
      
 2:  2:
                 
 
Figure 5 Routing of the DBM model outflow hydrograph using Sobek 1D2D when Manning coefficient 
in the floodplain area equals to 0.15 (first image 2hr38min after the initial breaching of the dam and the 
second image 2hrs later). In yellow are shown the residential areas. 
 
                                                                                     
                             
 
Figure 6 Routing of the BREACH model outflow hydrograph using Sobek 1D2D when Manning 
coefficient in the floodplain area equals to 0.15: first image 2hr18min after the initial breaching of the 
dam and the second image 2hrs later. (In yellow are shown the residential areas). 
 
Based on preliminary population data for several regions inundated by flood water, the Population at 
Risk consists of at least 10,000 people. Immediate construction of a flood warning system is proposed, 
as a key source for avoiding human casualties, for residents living as close as 9km away from the dam. 
In case of a dam failure event, the population faces significant risk. 
 
5 CONCLUSIONS 
 
This paper describes the flood forecasting methodology for a hypothetical dam failure event. Since, up 
to now, no single breaching method can be considered to fully represent and predict the breach 
characteristics with high accuracy, we estimate the breach characteristics using two separate breach 
models. Afterwards, we compare the resulting peak outflows with the range of peak outflows obtained 
using the empirical formulations. Though empirical formulations can be used in ‘rough/fast’ prediction 
of the peak outflow values, they are not applicable for any dam break flood forecasting task, where the 
knowledge about breach development in time is important.  
Despite only 10% difference in the peak outflow values obtained from the two breach models, 
significant discrepancy is observed in timing and shape of the hydrograph. Hagen’s empirical formula 
produces almost the same peak outflow as predicted using physically based models. Other empirical 
formula did not show good agreement, which can be explained from the fact that our dam’s 
characteristics were not within the range of the dam characteristics of the datasets used for developing 
those formula.  
The resulting hydrographs, constituting the upstream boundary condition for the 1D2D 
hydrodynamic model, led to two different flood progression scenarios at the areas downstream from the 
dam. The choice of friction factor for the Dam Breach Model had high influence on the breach outflow 
hydrograph timing and shape, but here we assumed the scenario where the breach development was 
slower, simulating flood propagation for the fastest (BREACH) and slowest (DBM) flood wave. 
Roughness at the areas subject to flooding influences flood speed and characteristics. A constant 
roughness was assumed in this paper due to absence of land use data. In future we plan to adjust 
Manning coefficients according to information obtained from land use data.  
Immediate construction of a flood warning system is proposed, as a key source for avoiding 
human loss, for residents living as close as 9km away from the dam, since in case of a dam failure 
event, the population faces significant risk. 
 
 
NOTATION 
 
g = gravitational acceleration;  
H = water depth in reservoir; 
hc = critical depth in the breach channel; 
hd = dam height; 
hw = water depth in reservoir at failure time; 
k = Strickler coefficient; 
k2 = erodibility coefficient; 
Qb = breach outflow; 
Qin =  inflow to the reservoir;  
Vw = water volume of the reservoir at failure time; 
Z =  breach bottom elevation; 
β = the angle the breach side creates with the vertical. 
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